Motivation: Motif-prediction algorithm capabilities for the analysis of bacterial regulatory networks and the prediction of new regulatory sites can be greatly enhanced by the use of comparative genomics approaches. In this study we make use of a consensus-building algorithm and comparative genomics to conduct an in-depth analysis of the LexA-regulon of gamma proteobacteria, and we use the inferred results to study the evolution of this regulatory network and to examine the usefulness of the control sequences and gene contents of regulons in phylogenetic analysis. Results: We show, for the first time, the substantial heterogeneity that the LexA regulon of gamma proteobacteria displays in terms of gene content and we analyze possible branching points in its evolution. We also demonstrate the feasibility of using regulon-related information to derive sound phylogenetic inferences. Availability: Complementary analysis data and both the source code and the Windows-executable files of the consensus-building software are available at
INTRODUCTION
The structure and function of bacterial regulons is becoming a widely accepted source of information in the understanding of bacterial physiology and genetics. In essence, a prokaryote regulon can be defined as a network of genes under synchronized transcriptional control by a regulatory protein, or set of proteins, that recognizes a specific binding-motif in the promoter region of the genes it exerts control upon. Protein binding to the operator site may repress or activate transcription of the regulated genes, thus establishing a negative or positive control. This defining property of regulons, the binding of the regulatory protein to a specific recognition sequence in the operator site, has been repeatedly used in in silico analyses to predict new regulon members (Lewis et al, 1994; Fernández de Henestrosa et al., 2000; Rodionov et al., 2001 ) and even to predict previously unreported regulon structures in little-studied species (Gelfand et al., 2000a; McGuire et al., 2000) . From the first systematic attempts at defining the informational properties of regulatory regions and the possibility of predicting new regulatory sites by statistically assessing their bindingaffinity (Berg and von Hippel, 1987; Berg, 1988) , regulatory motif prediction algorithms have evolved fast and have diversified into four main groups, each based on a distinct statistical approach: consensus building algorithms (Stormo and Hartzell, 1989) , expectation maximization algorithms (Lawrence et al., 1990) , Gibbs sampling-method algorithms (Lawrence et al., 1993) and oligonucleotide frequency analysis (van Helden et al., 1998) . Although none of these methods arise from a straightforward complete genome scan (Gelfand et al., 2000b) , after locating a regulatory motif the program scans the adjacent region and stores only those regulatory sequences that are close (typically 300 bp; all program parameters are user-adjustable) to a coherent open reading frame (ORF). Once the pattern search is completed, the program computes a motif consensus matrix based on experimental knowledge (Berg, 1988) , which can be supplied directly or else automatically inferred. If there is enough experimental data for a given species (e.g. E. coli LexA-regulon) the program computes the consensus matrix from a collection of user-introduced regulatory motifs (see Table 1 ). Conversely, when no direct knowledge is available, the program takes a comparative genomics approach, presuming conservation of regulon structure in related bacterial species (Gelfand et al., 2000b) . In this case, the program takes as input the protein sequences of regulon genes from a species in which the regulon has been experimentally established, and uses them to query NCBI GenBank database through its TBLASTN server on the unstudied species. Homologies above an identity threshold (typically 80%) are considered conserved orthologs (Rajewsky et al., 2002) and their promoter regions are scanned for putative regulatory motifs. If found, these regulatory motifs will then be used to infer the consensus matrix for the species under consideration. After computation of the consensus matrix, the program uses it to filter putative regulatory motifs by computing their Heterology Index (HI), a statistical measure of the divergence from the consensus sequence (Berg and von Hippel, 1987; Berg, 1998) . Two complementary filtering approaches are used here. In direct filtering, sequences are sorted according to their HI value and filtered with a simple threshold method (typically HI<14). In recursive filtering, a more flexible filtering approach is implemented in a similar manner to that already described in the literature (Gelfand et al., 2000a) . An initial population of regulatory motifs (i.e. all those found) defines the initial consensus matrix and is filtered with a HI relative-threshold method (typically 1/3 of the mean HI value). Filter-passing motifs are then used to compute a new consensus matrix and the process is iterated until population divergence between consecutive iterations stabilizes below a predefined threshold. The recursive filtering method is more flexible than the direct one, but it is also more sensitive to background noise and local minima (Gelfand et al., 2000a) . To overcome noise sensitivity, the program uses the direct filter results as a seed for the initial recursive population, thus focusing the initial search space and improving recursive-filtering results. As a final step, the program automatically queries the NCBI TBLASTN server and the GenBank database to obtain and store functional definitions for each of the genes putatively regulated by a filter-passing motif.
Analysis methods

Software validation methods
To validate software performance, the program was first tested against the most documented case of the LexA-regulon (s.c. E. coli; experimental motif consensus: CTGtatatatataCAG, see Table 1 ). The test against E. coli was conducted in a two-step procedure that was later assumed as standard for all analyses. The first step consisted in a sensitive search (CTG-N 10 -CAG) to assess the efficiency of the pattern search algorithm at detecting experimentally described LexA binding motifs. This search served also to draw an initial estimate of sensitivity (i.e. the ability of the filtering algorithm to select described LexA binding motifs against randomly scattered pseudosites) and specificity (i.e. the competence of the filtering algorithm at sorting out pseudosites) in broad-spectrum searches, and was used to fine-tune and settle program parameters. The second step consisted in a more restrictive (CTGT-N 8 -ACAG) search, to boost specificity and to determine the ability of the program to unambiguously identify regulon structure. Finally, a test against background noise was conducted to estimate the informational relevance of the program results. Restrictive (CTGT-N 8 -ACAG) searches were launched against gram-positive (B. subtilis) and alpha proteobacteria (S. meliloti) genomes, in which distinct LexA-binding motifs have been experimentally described (Winterling et al., 1998; Tapias et al., 1999) , and the results were manually inspected to evaluate their significance.
Regulon analysis methods
A similar two-step procedure was implemented to conduct the full analysis of the LexA-regulon in the selected subgroup of gamma and beta proteobacteria species. For each bacterial species, a first sensitive (CTG-N 10 -CAG) search was launched and filtered using the automatically inferred consensus matrix derived from conservation of experimentally described E. coli LexA-regulon genes (see Table 1 ). Search results, regardless of selection procedures, were manually inspected to identify putative conservation of LexA binding-motifs controlling homologues of the LexAregulated genes described in E. coli. Next, the subset of these motifs that had been automatically selected by the program was manually picked out and used to recreate a species-specific knowledge table, akin to that experimentally derived for E. coli (Table 1) . Using this newly inferred knowledge table to compute the consensus matrix and to filter accordingly, a second restrictive (CTGT-N 8 -ACAG) search was carried out against each bacterial species, and its selection results were considered putative members of the LexA-regulon for each particular species.
RESULTS AND DISCUSSION
Software validation results
Software validation results were amply satisfactory for the scope of this research. After fine-tuning of parameters, a sensitive (CTG-N 10 -CAG) search against E. coli returned 33,418 putative regulatory motifs, revealing a huge number or false positives (pseudosites) in the genome that is in accordance with previous literature reports (Gelfand et al., 2000b) . However, the search did also locate all the 28 documented LexA binding-sites that had been introduced as the training set (Table  1 ). This was a necessary prerequisite for the study of related genomes, since it guaranteed that, even if not selected, conserved regulatory sites would be found and could be manually tracked by querying results in conserved LexA-regulon homologous regions. Moreover, and taking into account the vast number of pseudosites found with the broad-spectrum search, the program did also fare well in terms of sensitivity (89%, up to 25 of the 28 documented LexA sites were selected), but at the cost of an extremely low specificity (10%, only 42 of the 420 selected motifs were in the promoter region of documented LexA-regulated genes). Therefore, we then examined the reliability of applying a more restrictive search pattern to improve specificity without excessively compromising sensitivity. As expected, the restrictive (CTGT-N 8 -ACAG) pattern search returned far less regulatory motifs (1,872), and this had a slight repercussion on sensitivity (71%). However, specificity was boosted by the restrictive search (from 10% to 83%, 20 out of 24 selected motifs corresponded to LexA-regulated genes). This high specificity, combined with the fact that the remnant of selected motifs consisted of previously described damage-inducible genes, such as minC and hlyE (Courcelle et al., 2001) , and previously unreported putative motifs for LexA-regulon genes (see Table 2 ), led us to conclude that a restrictive search could be a robust indicator of regulon structure for extrapolation into unstudied species. The statistical significance of the results thus obtained and the appropriateness of combining direct and recursive filtering techniques was gauged by examining their accordance with previously published results for E. coli LexA bindingsite predictions (see Table 1 ; Benítez-Bellón et al., 2002) , by evidencing that all selected motifs were either experimentally described or new putative sites, and by ascertaining that the results of background noise tests were markedly negative (none of the selected regulatory motifs in B. subtilis and S. meliloti involved any DNA-repair genes). Therefore, the combined method (i.e. broadspectrum plus restrictive search) was deemed sound enough to carry out comparative genomics analyses of the LexA-regulon in related bacterial species, since it conveyed the necessary sensitivity to detect most conserved motifs and the required specificity to outline the structure of the regulon in the experimentally unstudied bacteria.
Regulon analysis results
The results of the application of the combined search method on nine different bacterial species, summarized in Table 3 , reveal the existence of a conserved set of regulated genes (lexA, recA and recN) among gamma proteobacteria. The existence of such a conserved regulon core should be expected in any kind of self-regulated gene network (Gelfand et al., 2000b) , and its members ought to define the basic set of essential tasks the regulon was originally set forth to control (e.g. damageinducible recombination repair). Interestingly, thus, this structure appears to be conserved also in the sole representative of the beta proteobacteria class analyzed in this study (R. solanacearum). Even though the recN LexA box of R. solanacearum appears to be slightly degenerated, the conservation of the regulon core hints for the first time at a more than probable conservation of the gamma LexA-binding motif in the beta proteobacteria class. The results also reinforce the previously proposed idea that ydbK and minC are damage-inducible genes directly regulated by LexA (Courcelle et al., 2001 ) and point at some plausible additions to the LexA regulon in different species. Of peculiar interest are the putative LexA regulation of mdf and impA in the closely related H. influenzae and P. multocida species, which hints at a probable uptake of the regulation of these genes in a common ancestor, and the putative regulation of pathogenesis-related genes (STM1019, STM2621 and msgA, associated with Gifsy-1/2 prophages; STM0925 and STM272, connected to Fels-1/2 prophages) in S. typhimurium, a fact that has already been experimentally reported (Benson et al., 2000) . Also, the presence of direct LexA regulation for recG and ftsY in V. cholerae suggests a branching point in the evolution of this bacterial species with respect to its closest relatives, which may be connected to the loss of the sulA gene in this bacterium. In this respect, it is relevant to pinpoint that the results in Table 3 agree with the hypothesis that sulA regulation imposes a sort of bottleneck effect in the evolution of the LexA-regulon, preventing major divergences in conserved regulatory motifs, but not in the gene contents of the regulon. The obvious explanation for this effect is that the regulated presence of sulA restricts LexA variability, since any changes that induce a poorer recognition of the sulA box will severely handicap the cell's ability to divide. However, the present study indicates that the sulA bottleneck effect concerns only a relatively small subgroup of the gamma proteobacteria here checked (E. coli, S. typhimurium and Y. pestis) and it possibly highlights a branching point in the evolution of this bacterial lineage. Even though it could be argued that a sulA gene is also present in P. aeruginosa, the present study suggests that this sulA is not explicitly regulated by a dedicated LexA box (instead, sulA seems to be part of the lexA operon). Thus, in this species the presence of sulA should not induce the same kind of consensussequence bottleneck effect, but, rather, a gene-content limitation effect, due to the presumably overrepressed nature of the whole lexA operon. On the other hand, Table 3 results reveal an apparent gradual loosening across evolutionary distances of the classical LexA-regulon structure that has been experimentally determined in E. coli. This progressive drift seems to place E. coli and close relatives at the end of an evolutionary pathway with respect to the LexA regulon, a fact that is in agreement with phylogenetic data otherwise obtained (Fox et al., 1980) , with the late appearance of E. coli natural habitat (mammals digestive tract) in the fossil record and with the risky but costeffective addition of cell division inhibiters (such as sulA) to the LexA regulon of E. coli close relatives. Most importantly, though, the results shown in Table 3 reveal a clear and smooth evolution of the LexA-regulon in gamma proteobacteria, purporting remarkable plasticity both in terms of the presence/absence of genes and of the nature of their regulatory motifs. It was the logical congruence of these results with previously reported phylogenetic relationships for this class of bacteria (Fox et al. 1980; Ochman and Wilson, 1987; Rajewsky et al., 2002; Xie et al. 2003 ) that led us to considerate the feasibility of using regulon data for phylogenetic inference.
Phylogenetic analysis results
To conduct a phylogenetic analysis of the gamma proteobacteria family based on the deduced LexA-regulon structure, we first analyzed which of the multiple informational sources conveyed by a regulon were solid enough to infer phylogenetic relationships. We decided that the regulon core, being strongly preserved in all the analyzed species, could be a sound informational source. Moreover, the regulon core was a very useful structure, because it conveyed two separate, but clearly correlated, kinds of information: protein and regulatory motif sequences for each of the core genes. Additionally, insight into Table 3 results prompted us to esteem that regulon structure, whether as the presence/absence of gene regulation or as divergences in the regulatory motif, could also be a reliable source of information. Lastly, it must be noted that we discarded another plausible source of regulon-related information, the consensus sequence for each bacterial species (Figure 2) . Consensus sequence was not employed on the grounds of its low statistical weight (it had been computed from a different number of genes in each species), its low informational content (it is an averaging measure) and the previously outlined possibility (Rajewsky et al., 2002) that the consensus sequence may not be such a robust indicator of binding affinity as predicted (Berg, 1988) . This later hypothesis was addressed here in conjunction with microarray gene-expression data (Courcelle et al., 2001; Khil and Camerini-Otero, 2002) . Although the idea that regulatory motifs ought to display better binding affinities when closer to the consensus is theoretically sound, we found that the LexA boxes of genes with consistently reported high-induction ratios (sulA, recA and recN) displayed relatively high HI values (data not shown). In a negatively regulated gene network, like the LexA regulon of gamma proteobacteria, high binding affinities should induce strong repression under normal conditions and, consequently, the highest induction ratios upon derepression of the system. Therefore, although these results do not invalidate the theoretical background of using the consensus sequence as an average species indicator or as the basis of consensus-building algorithms, they do cast serious doubts on the validity of using low HI values to accurately predict high binding affinities. Expression profiles also reinforce the hypothesis that the sulA box, due to the markedly detrimental effects of sulA deregulation, must display a high binding affinity (s.c. high induction levels) and that, as mentioned before, this requirement imposes severe constraints on the variability of the LexA protein and the motifs it recognizes. As a result, we settled on three different sources of information to derive phylogenetic inferences: regulon core protein sequences, regulon core LexA-box sequences and regulon structure. Regulon structure information was introduced in the form of presence/absence/divergence of LexA regulatory motifs for all LexA-regulon genes experimentally described in E. coli. When we plotted the phylogenetic trees inferred by the maximum-likelihood method using these three sources of information, we found that the results (Figure 3) were not only in neat accordance to standard phylogenetic approaches (Fox et al., 1980; Ochman and Wilson, 1987; Rajewsky et al., 2002) , but were also strikingly similar between them, suggesting that the three sources of information carried by the regulon are strongly correlated by the own regulon nature. The robustness of this correlation becomes more apparent when considering the different nature of the data used for inferring the trees. Although cladistic analysis by itself cannot be used as a measure of statistical significance, the fact that trees based on protein and short DNA sequences yield such a remarkable resemblance hints at an active selection process behind the regulon structure, counteracting the expected higher noise ratio of short-length sequence analyses.
Discussion
Conventional phylogenetic analyses (Woese and Fox, 1977; Woese, 1998) have relied mainly in the use of small-subunit ribosomal RNA (16S rRNA). The usefulness of 16S rRNA to infer phylogenetic relationships sprouts from many different wells. On the one hand, ribosomes are essential elements of the translational apparatus and, thus, present in all known life forms, making the 16S rRNA genes universal markers. On the other hand, the very importance of ribosomes for life processes subjects ribosomal genes to a strong selective pressure, meaning that sequence conservation is high in 16S rRNA and that, consequently, its informational content is also elevated. This very same importance makes 16S rRNA genes unlikely candidates for lateral gene transfer (LGT), and this ensures verticality and coherence in the inferred phylogenetic trees. Finally, 16S rRNA genes are relatively large and, thus, they can convey enough informational content to derive long time-span trees, a feat that cannot be accomplished by other universal and highly conserved genes (e.g. tRNA genes) and that has prompted researchers to explore the potential of the even larger 23S rRNA genes in phylogenetic analysis (Pitulle et al., 2002) . Nevertheless, there are also some shortcomings associated with the use of 16S rRNA to derive phylogenetic relationships. A major one comes precisely from its strong point, conservation. In fact, 16S rRNA genes are so well conserved that they exhibit little resolving power among closely related bacterial species (Achenbach et al., 2001) . Additionally, the natural tendency of cells to duplicate such essential genes leads to varying copy numbers of the gene across different species, causing over and under representation of some of them when conducting phylogenetic analyses. To overcome these difficulties, researchers have used other universal genes with more stable copy numbers (Lloyd and Sharp, 1993; Eisen, 1995) or taxa-specific genes to enhance the resolving power of phylogenetic inferences (Ludwig, 1990; Fukushima, 2002; Ko, 2002) , but both these methods still lack an intermediate level of resolution to systematically hold together the results they separately infer. In recent years, and with the advent of sequenced genomes, some new approaches have tried to circumvent this problem by creating multiple protein trees (Feng et al., 1997; Gupta, 2000) or by analyzing gene content and copy number, instead of gene sequence, in complete genomes (Snel et al., 1999; Tekaia et al., 1999) . Still, these methods do not take into account some key aspects that might enhance resolution and understanding, like gene functionality, due to the difficult and subjective handling of such issues. Here we propose the use of computationally deduced regulon structure as a way to exploit functionality associations directly conveyed by nature (instead of subjectively human inferred), and to use this information in association with conventional phylogenetic data sources (i.e. DNA and protein sequence) to derive robust, relatively universal and well-resolving phylogenetic trees.
In general terms, a regulon is a fairly well suited entity to conduct phylogenetic analysis. Although most of them are not universal, regulons are complex structures that are not prone to appear out of the blue nor undergo spontaneous deletions. Additionally, there exist regulons, like the CRP-cAMP regulatory network, that are present over vast spans of the life realm. Moreover, many regulons are committed to housekeeping tasks and, thus, they are naturally resilient to mutation and LGT. Even though mutation, deletion and LGT may affect many of the regulated genes, the regulon core ought to be a relatively solid structure (Gelfand et al., 2000b) . This applies also to copy number, especially in the case of the regulatory protein. Duplications of the regulatory protein gene may certainly occur, but the most probable outcome is that the redundant copy will, in time, drift to overtake or complement other regulatory networks (Zuckerkandl, 1975; Gelfand et al., 2000b) . Thus, the regulon as a complete structure presents double information content: the regulon core, with an evolutionary stable structure, and the global gene set, more prone to variation. This dual nature, glued together by the regulon makeup, offers a simultaneous two-level view on phylogeny that can allow detailed, taxa-specific, and at the same time globally coherent analyses. Furthermore, even when a regulon is not conserved, or undergoes severe changes, in phylogenetically distant species, this fact can be used to derive solid phylogenetic inferences. For instance, the LexA-regulon here studied is not universally conserved, even though it has been shown to be preserved in a wide range of different bacterial lineages and its co-inducer, the RecA protein, has been shown to be a feasible phylogenetic indicator (Lloyd and Sharp, 1993; Eisen, 1995) . Nevertheless, and due to the housekeeping functions it carries out (DNA repair), it seems clear that equivalent regulons must exist in those species lacking the LexA-network (Koch and Woodgate, 1998) . Therefore, and because of the difficulty of creating working regulons from scratch, regulon loss can be used to pinpoint major evolutionary branching points. Likewise, major divergences between regulons inner structure (e.g. a change in consensus regulatory motif) can also highlight turning points in evolution, as it is the case with the divergent LexA regulatory motifs of alpha (Tapias et al., 1999) and gamma proteobacteria (Walker, 1984) or gram-positive bacteria (Winterling et al., 1998) .
CONCLUSION
Our results represent the first published instance of the substantial heterogeneity in gene content displayed by the LexA network in gamma proteobacteria, and point at possible major events (like the acquisition of sulA) in the evolution of the LexA regulon in this class of bacteria. We also put forward and test for this particular case the proposition that regulon information, either (or complementarily) obtained by in silico or in vitro analysis can be used to infer strong phylogenetic relationships in closely related bacteria, and that this method could be extended, with the use of other regulons, to generate a phylogenetic analysis method of both the necessary resolution and adequate consistency to bridge the gap between existing methodologies. The search function can backtrack to locate more than one regulatory motif and/or more than one ORF under control of this/these.
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Fig. 2. Consensus LexA regulatory sequences for the studied gamma proteobacteria species. The bars are percentile representations of the statistical occurrence of the consensus base at each position. It is interesting to note the likeness of the consensus sequences for the subset of species with an explicitly regulated sulA gene (E. coli, S. flexneri, S. typhimurium and Y. pestis; the sulA gene of P. aeruginosa does not have a dedicated LexA box but seems, instead, to be regulated by the LexA box of the lexA operon). Albeit its low statistical significance, such a similitude in consensus sequences endorses the idea that direct sulA regulation imposes a bottleneck effect on regulatory protein variability. Consensus sequences were computed from the found regulatory motifs putatively regulating orthologs of described E. coli LexA regulon genes (Table 3) . 
